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Measurement of Aortic Blood Flow by Doppler Echocardiography: 
Day to Day Variability in Normal Subjects and Applicability in 
Clinical Research 
LAURENCE MOULINIER, MD, THEODORE VENET, MA, NELSON B. SCHILLER, MD, FACC, 
THEODORE W. KURTZ, MD, R. CURTIS MORRIS, JR., MD, ANTHONY SEBASTIAN, MD 
To assess the reliability of Doppler ultrasound for detecting serial 
changes in cardiac output in response to experimental interven-
tions, the day to day variability of the minute distance of aortic 
flow was determined in seven normal subjects maintained in a 
tightly controlled environment with regard to diet and activities. 
Measurements were made at the same time on 5 to 6 sequential 
days from an apical window with use of both continuous wave and 
pulsed wave Doppler techniques. Two statistical measures of 
reliability were calculated, the intracIass coefficient of correlation 
(R), which varies between 0 (null reliability) and + 1 (perfect 
reliability), and the 95% confidence interval for the error-free 
value of a single measurement. 
For sequential measurements of arterial pressure, 24 h urinary 
volume and sodium excretion and body weight, the intracIass 
coefficients of correlation ranged from 0.85 to 0.99, indicating low 
day to day variability consistent with tight environmental control. 
Continuous and pulsed wave modes were proved equally and 
highly reliable for measuring minute distance of aortic flow. 
Doppler echocardiography is a safe, simple and accurate 
method for determining cardiac output in humans (1-4). We 
considered whether the method was sufficiently reliable to 
detect small changes in cardiac output over a period of days 
to weeks in humans undergoing clinical trials of antihyper-
tensive regimens. Previous studies have attempted to deter-
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However, continuous wave Doppler ultrasound provided accept-
able signals more frequently than did the pulsed wave technique. 
For continuous wave Doppler ultrasound, R was 0.87 (p < 
0.00001); the 95% confidence interval was ± 1.81 mlmin (or 11 % 
of the mean of all measurements), which indicates that this 
method can be used in a single individual to detect a > 11 % change 
in minute distance measured once before and after an interven-
tion. 
In the case of n repeated measurements before and after an 
intervention, detectability of change in a single individual in-
creases substantially because a change of 11 %/Vn then is signif-
icant. The reliability measures can also be used to estimate the 
detectability of a change for a group of subjects; specifically, they 
allow determination of the sample size required to demonstrate a 
specified magnitude of change caused by an intervention. A 
procedure is presented for such a sample size determination for 
prospective studies of both parallel and crossover study design. 
(J Am Coil CardioI1991;17:1326-33) 
mine the reliability of Doppler estimates of cardiac output by 
performing one or two replicate measurements a few min-
utes or several days or weeks apart. None of those studies 
attempted to determine day to day variability of the mea-
surements in normal individuals and none have issued spe-
cific guidelines for use of the method in prospective clinical 
trials to assess the statistical significance of serial hemody-
namic changes. 
The purpose of this study was to assess the reliability of 
Doppler ultrasound for detecting serial cardiac output 
changes in response to experimental interventions. To that 
end. we determined the day to day variability of the Doppler 
measurements in normal subjects maintained under tight 
environmental control with respect to diet and activity. We 
compared the separate techniques of continuous wave and 
pulsed wave Doppler ultrasound. Our findings indicate the 
limits of detectability for changes in cardiac output with use 
of Doppler ultrasound in research studies in humans, We 
provide guidelines for use of the reliability measures to 
determine sample size in prospective clinical trials studying 
the hemodynamic effect of a metabolic or pharmacologic 
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intervention. The results are expected to be useful to clinical 
investigators performing controlled studies of cardiac output 
change; they are not intended to be applicable to routine 
clinical use for monitoring cardiac output. 
Methods 
Study group. The study group consisted of seven normal 
volunteers (three men and four women) 31 to 73 years old 
(mean 51 ± 16). None had a history of cardiovascular 
disease. The procedure was explained to all subjects and 
their informed consent was obtained. 
Study design. All studies were performed while the sub-
jects resided in the General Clinical Research Center at the 
University of California, San Francisco. Physical activity 
was regulated for day to day constancy. Each subject ate a 
constant diet,including total fluids. throughout; menus for 
each meal were identical from day to day and day to day 
constancy of ingested amounts was assured by serving each 
menu item at constant weight. To allow adaptation, subjects 
ate their constant diet for at least 6 days before measure-
ments were made. In addition to Doppler measurements, 
daily measurements of 24 h urinary sodium excretion, 24 h 
urinary volume and body weight were obtained to confirm 
constant external balance of sodium and fluid during the 
experimental period. 
We performed Doppler echo cardiographic recordings at 
the same time of day on 6 sequential days of which the 1 st 5 
days were consecutive; between the 2 last days there was an 
interval of 2 days. Of the seven subjects. two were studied 
on 5 sequential days only. For 30 min before an echocardio-
graphic recording. the subject rested supine on a mattress 
with a removable wedge-shaped section designed for trans-
ducer accessibility. The room was kept dark and quiet. After 
this rest period, systolic and diastolic arterial blood pres-
sures were measured four times within 5 min with a Dinamap 
oscillometric blood pressure recording device (Criticon). 
The measurements were averaged. The subject remained 
supine throughout the study. All studies were performed by 
the same investigator (L.M.). 
Doppler estimation of cardiac output. The Doppler tech-
nique provides a measure of cardiac output as an estimation 
of the flow of a sampled volume of aortic blood in the left 
ventricular outflow tract. The Doppler signal is velocity 
(distance per unit time) varying with time during ventricular 
ejection. The area under the velocity-time curve (that is, the 
velocity-time integral) is the sum of the continuously chang-
ing values of distance per unit time (velocity) over the 
duration of the ventricular ejection. Thus, when integrated, 
the velocity-time curve yields a summated distance, specif-
ically the stroke distance, that is, the distance traveled by 
the aortic sampled volume with each heartbeat. When mul-
tiplied by heart rate, stroke distance yields aortic flow 
minute distance or distance traveled per minute. When 
multiplied by outflow tract or aortic ring cross-sectional 
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area, stroke distance yields stroke volume, and minute 
distance yields cardiac output. 
Because the ultimate goal of our study was to detect 
changes in cardiac output, we did not compute absolute 
values of cardiac output (minute distance times cross-
sectional area) but used minute distance alone as our pri-
mary index of cardiac output. Assuming that there is no day 
to day variation in cross-sectional area, minute distance and 
cardiac output vary proportionally. Indeed, changes in aortic 
flow minute distance measured by Doppler echocardiog-
raphy correlate closely with changes in cardiac output 
measured by thermodilution (5). As determined by two-
dimensional echocardiography, the day to day variability in 
aortic valve area attributable to physiologic changes is 
negligible compared with the variability induced by errors of 
measurement (6). Measurement of cross-sectional area con-
tributes the largest potential error in estimating cardiac 
output by Doppler echocardiography (7). 
Doppler recording technique. Doppler aortic flow signals 
were obtained from the apical window on a commercially 
available instrument (Hewlett-Packard Sono 1(0). Both con-
tinuous wave and pulsed wave Doppler techniques were 
used. 
Continuous wave Doppler ultrasound uses separate ultra-
sound crystals that operate continuously, one in send mode 
and the other in receive mode. That configuration is not 
limiting of the magnitude of velocities detectable but allows 
no spatial discrimination. The displayed velocity-time signal 
is that of the maximal velocity detected anywhere along the 
beam. Pulsed wave Doppler ultrasound uses the same crys-
tal to both send and receive (listen). By receiving at precisely 
defined times. flow at an exact location can be sampled but 
the abbreviated listening time limits the magnitude of mea-
surable velocities. 
For pulsed wave Doppler recordings, we used a 3 MHz 
mechanical transducer. To improve the graphic quality of 
the signals, the sample volume length was reduced to 2 mm 
and the gain and the high-pass filter were minimized. so that 
the signals were complete and well defined to the baseline. 
The Doppler sample volume was placed in the middle of the 
distal left ventricular outflow at the aortic ring. immediately 
proximal to the aortic leaflets. Slight adjustments in either 
sample volume depth or transducer angulation were made 
until we obtained the highest velocities on the spectral 
display. concomitant with the aortic valve closure artifact 
(but excluding the valve opening artifact). We considered 
Doppler signals adequate if they had a distinct whistling 
sound and a well defined spectral envelope. 
For continuolls wave Doppler recordings, we used a 
stand alone transducer. We slowly searched from the apical 
window while listening to the audio output of the Doppler 
shift frequencies. The ultrasound beam was directed toward 
the aorta and adjusted until we obtained the highest audio 
frequencies corresponding to the visual display of the high-
est velocities. Aortic valve opening and closure artifacts and 
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a minimal diastolic signal were also features of an adequate 
aortic flow Doppler signal. 
For both techniques respiration was suspended at midex-
piration during recording. At least 10 cardiac cycles and a 
simultaneous electrocardiogram were recorded on a video 
tape at a sweep speed of 100 mmls. On the basis of the 
first Doppler recording session, subjects were excluded 
from the study group if there was a significant gradient 
across the aortic valve or Doppler signals were technically 
inadequate. 
To minimize investigator bias, recording sessions were 
randomly distributed among four video tapes chosen by a 
double coin toss. A random number was assigned for each 
recording session on a decoding sheet; that number was the 
only identification recorded. 
Data analysis. Measurements of Doppler recordings were 
performed off line by the use of a computer-assisted and 
phantom-calibrated digitization system (Freeland Medical 
Systems). The data recorded on the tapes were not analyzed 
sequentially; the readings were also randomized: The same 
investigator who performed the studies did the analysis 
(L.M.) because previous studies (8) and unpublished obser-
vations from our laboratory show that use of the same 
technician and reader maximizes reproducibility. No study 
was analyzed <3 months after the initial collection of 
echocardiographic data. 
The area under the Doppler flow velocity curve, repre-
senting the stroke distance of the aortic flow, was de.ter-
mined by digitizing the signal from baseline to baseline. 
Pulsed Doppler recordings were traced with use of the modal 
velocity (midpart of the velocity trace) and continuous wave 
recordings were measured with use of the maximal enve-
lope. For each technique three cycles were averaged. The 
mean heart rate was obtained at the time of pulsed and 
continuous wave recording by measuring, off line, three 
intervals on the electrocardiogram (ECG). 
We calculated the minute distance of the aortic flow for 
each technique and each study as the pr()duct of mean stroke 
distance and mean heart rate. Heart rate was also used as 
one of the estimates of the physiologic day to day variability. 
For this purpose, we considered the values obtained from 
the ECG concomitant with continuous wave Doppler record-
ing. We determined the intraobserver variability in reading a 
Doppler study from a randomized subsample consisting of 10 
sessions of both pulsed and continuous wave Doppler re-
cordings. Two readings were separated by an interval of 4 
months. 
StatisticaI methods. The following measurements were 
analyzed: minute distance of the aortic flow measured by 
pulsed wave Doppler ultrasound and by continuous wave 
Doppler ultrasound, heart rate, body weight, systolic and 
diastolic arterial blood pressures, 24 h urinary volume and 
24 h sodium urinary excretion. For each of these variables, 
using a random effects analysis of variance model (9), we 
calculated two statistical measures of reliability for the 
sample population: the intraclass coefficient of correlation 
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(R) and the standard error of the measurement (se) (9). R is 
a simple and accurate estimate of the reliability of it mea-
surement; Se allows us to define the 95% confidence interval 
for the underlying true value of a measured variable for a 
single subject. 
To calculate the intraclass coefficient of correlation (R), 
we first estimated the overall variability of the measurement 
as the sum of two components, s/ and ST 2, where se2 is 
a measure of the variance within subjects determined 
from the variances of the replicated measurements for 
each subject and calculated as the within-subject mean 
square and ST 2 is a measure of the variability between 
subjects; it is an unbiased estimator of the variance due 
to error-free variability among subjects. sl is calculated 
from the following variables: the between-subject mean 
square (BMS), the within-subject mean square (WMS) 
and Ko. Mean square is the ratio of the sum of the squares 
to the corresponding number of degrees of freedom. Ko 
is a constant that depends on the number of replicate 
measurements per subject; it adjusts for the case of different 
numbers of replicate measurements made per subject 
(10). With use of these variables, ST2 was calculated as 
(BMS-WMS)/Ko' 
The intraclass coefficient of correlation (R) was then 
calculated as follows: R = ST 2/(ST2 + se2). This value is a 
ratio of two unbiased estimators. It represents the fraction of 
the overall variability of the measurement due to the error-
free variability among subjects (10); hence, it varies between 
o and + 1. The more a measurement is reproducible for a 
given degree of between-subject variability (ST2), the closer 
s/ will be to 0; hence, the closer R will be to + 1. The less a 
measurement is reproducible, the closer R will be to O. 
Whether R is significantly different from 0 is investigated 
using a standard F test. 
Landis and Koch (10) characterized values of R as 
follows: slight reliability (0 to 0.10), fair reliability (0.21 to 
0.40), moderate reliability (0.41 to 0.80), almost perfect 
reliability (0.81 to 1.00). Although arbitrary, those divisions 
provide useful benchmarks. 
Se' the standard error of the measurement, is the square 
root of the within-subject variance, s/. Using se, we can 
calculate for a single subject the 95% confidence int.erval for 
the underlying error-free (or true) value of a variable mea-
sured. The bounds of this interval are determined by calcu-
lating the ratio of 2 se and the square root of the number of 
replicate measurements. Therefore, in the case of a single 
measurement with a value of x, its error-free value lies 
between x ± 2 se (p < 0.05). A major application of a 
reliability study of this type is to determine the sample size 
required to demonstrate a change of specified magnitude in a 
variable for a prospective study. For that we use the s/ + 
ST2 (see Discussion). 
To determine intraobserver variability in analyzing re-
cordings, for each recording session we calculated a ratio of 
the absolute value of the difference between two analyses 
performed several months apart divided by the average of 
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Table 1. Continuous Wave Doppler Measurements: Group Results 
of 40 Observations 
95% Cl for 
a Single R 
Variable Mean Measurement (p <) 
Minute distance (m) 15.72 ± 1.8 0.87 
(0.00001) 
Heart rate (beats/min) 62.5 ± 5.4 0.60 
(0.00001) 
Body weight (kg) 66.9 ±1.4 0.99 
(0.00001) 
BP(mm Hg) 
Systolic 110.9 ± 8.0 0.85 
(0.00001) 
Diastolic 61.8 ± 6.1 0.85 
(0.00001) 
24 h urine volume (ml) 3.462 ± 386 0.98 
(0.00001) 
24 h urinary sodium excretion 155 ± 34 0.93 
(mEq) 
(0.00001) 
BP = arterial blood pressure; Cl = confidence interval; R = intraclass 
coefficient of correlation. 
the two values. We compared the intraobserver variabilities 
in analyzing pulsed wave versus continuous wave Doppler 
recordings using a t test (p < 0.05 regarded as significant). 
The intraobserver variability in measuring heart rate was 
determined similarly. 
Results 
Adequacy of measurements. Satisfactory minute distance 
measurements were obtained by both pulsed and continuous 
wave Doppler recordings in all but one of the seven subjects. 
In this subject, a 73 year old woman with scoliosis, no 
adequate pulsed wave Doppler signal could be obtained 
although the continuous wave Doppler signals were of very 
good quality. In accordance with our exclusion criteria, the 
pulsed wave studies of this subject were excluded but the 
continuous wave studies were retained. In another subject 
studied for 5 days, pulsed wave recordings obtained on 2 
different days were accidentally erased. Finally, the pulsed 
wave studies included 32 of the original 40 studies and all 40 
continuous wave studies were retained. All estimates of day 
to day physiologic variability including heart rate, arterial 
blood pressure (systolic and diastolic). body weight. 24 h 
urinary volume and 24 h urinary sodium excretion were 
available in all subjects for all days. 
Day to day variability of Doppler minute distance and 
physiologic estimates among the entire group (total number of 
measurements = 40). Table 1 presents Doppler measure-
ments and estimates of physiologic day to day variability 
expressed as the mean of all observations among all sub-
jects, the 95% confidence interval for the error-free value of 
a single measurement and the intraclass correlation coeffi-
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cient. R, with its statistical significance level. Day to day 
variability of aortic minute distance measured by continuous 
wave Doppler ultrasound was very small as reflected by two 
measures of reliability, the intraclass coefficient of correla-
tion (R) and the 95% confidence interval for the error-free 
value of a single measurement (± 2 se)' R was equal to 0.87 
(p < 0.00001). which indicates near-perfect reliability ac-
cording to the Landis and Koch classification (10). The 
95% confidence interval for a single measurement was 
± 1.81 m/min. The mean value of the 40 min distance 
measurements was 15.72 m/min. 
The values of R and of the 95% confidence interval for 
a single measurement indicated minimal physiologic day 
to day variability for each of the following variables: 
body weight, systolic and diastolic arterial blood pressures, 
24 h urinary volume, 24 h urinary sodium excretion and 
heart rate. R indicated almost perfect reliability for all 
these variables except for heart rate, which was classified 
as only moderately reliable (R = 0.60, p = 0.00001) (Table 
1). 
Although low p values are not difficult to achieve with 
even moderate or weak correlation coefficients when 
sample size is reasonably large, as in the present study, most 
of the correlation coefficients noted in Table 1 are strong, 
ranging from 0.85 to 0.98. The weakest correlation, 0.60 for 
heart rate. was nevertheless very highly significant (p < 
0.00001). 
Tables 2 and 3 present the continuous wave Doppler and 
physiologic variables (n = 40), as well as the pulsed wave 
Doppler measurements (n = 32) expressed as mean, stan-
dard deviation (SD) and coefficient of variation (cv = SDI 
mean). Table 2 shows the data averaged for all days for each 
subject; the corresponding coefficients of variation for each 
subject then reflect within-subject variability. Table 3 shows 
the data averaged for all subjects for each day; the corre-
sponding coefficients of variation for each day then reflect 
between-subject variability. 
Comparison between pulsed wave and continuous wave 
groups. Because the number of recording sessions differed 
for pulsed wave and continuous wave modes (n = 32 
versus n = 40), we considered the common measurements 
only (32 recordings) for purposes of comparison of mean 
values, 95% confidence intervals, Rand intraobserver 
variability in analyzing Doppler recordings. Mean minute 
distance was 15.21 mlmin for continuous wave mode (com-
pared with 15.72 mlmin when 40 measurements were averaged) 
and 11.90 mlmin for pulsed wave mode. There is a statistically 
significant difference between the two modes for the estimate 
of mean minute distance among a sampled population (p < 
0.02). 
The two measures of reliability. intraclass coefficient of 
correlation (R) and 95% confidence interval for the error-free 
value of a single measurement, were nearly identical for both 
techniques. For continuous wave mode, R was equal to 0.81 
(p < 0.0001) and the 95% confidence interval for a single 
measurement was ± 1.83 mlmin. For pulsed wave modes, R 
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Table 2. Doppler and Physiologic Data for the Seven Subjects: Within-Subject Variability 
Subject Subject Subject Subject Subject Subject Subject 
I 2 3 4 5 6 7 
(n = 6) (n = 5) (n = 6) (n = 6) (n = 6) (n = 5) (n = 6) 
Minute distance (m) 
CW 12.68 ± 0.97 15.92 ± 1.60 19.53 ± 0.65 15.04 ± 0.60 14.62 ± 0.61 14.45 ± 0.82 18.17 ± 0.9 
PW (7.6%) (10%) (3.3%) (4.0%) (4.2%) (5.7%) (4.9%) 
9.42 ± 0.46 12.91 ± 0.55 11.40 ± 1.06 11.36 ± 0.52 12.04 ± 0.58 14.79 ± 1.53 
(4.8%) (4.3%) (9.3%) (4.6%) (4.8%) (10.3%) 
Weight (kg) 74.70 ± 0.27 45.18 ± 0.08 52.22 ± 0.10 69.76 ± 0.21 67.00 ± 0.06 57.38 ± 0.16 97.43 ± 0.43 
(0.3%) (0.2%) (0.2%) (0.3%) (0.09%) (0.3%) (0.4%) 
24 h urine vol (m!) 4.287 ± 5 2.046 ± 4 2.394 ± 2 2,490 ± 6 3,454 ± 3 3.016 ± 3 6.243 ± 2 
(0.1%) (0.03%) (0.09%) (0.2%) (0.08%) (0.1%) (0.03%) 
24 h urinary Na excretion (mEq) 218 ± 23 141 ± 14 91 ± 6 127 ± 20 131 ± 8 107 ± 8 261 ± 2 
(10.6%) (9.9%) (6.4%) (15.5%) (5.7%) (7.7%) (9.9%) 
BP (mm Hg) 
Systolic 110.7 ± 3.8 105.6 ± 3.0 111.3 ± 1.6 112.0 ± 8.0 94.7 ± 3.9 115.0 ± 4.7 127.2 ± 1.6 
(3.5%) (2.8%) (1.5%) (7.1%) (4.2%) (4.1%) (1.3%) 
Diastolic 63.3 ± 3.7 50.4 ± 1.3 58.2 ± 1.8 70.6 ± 2.6 58.0 ± 4.7 64.0 ± 2.1 67.8 ± 2.4 
(6.0%) (2.7%) (3.2%) (3.7%) (8.1%) (3.3%) (3.5%) 
HR (beats/min) 58.2 ± 4.8 64.8 ± 3.9 60.8 ± 1.8 66.4 ± 1.8 60.3 ± 2.1 62.3 ± 3.3 61.8 ± 2.0 
(8.3%) (6%) (2.9%) (1.5%) (3.4%) (5.3%) (3.3%) 
The number assigned to the subjects represents the chronologic order in which they were studied. Each variable is expressed as the mean of observations 
from all days for each subject ± SD (coefficient of variation). BP = blood pressure: CW = continuous wave mode: HR = heart rate; n = number of observations 
per subject; PW = pulsed wave mode; vol = volume. 
was 0.80 (p < 0.00001) and the 95% confidence interval for a for pulsed wave Doppler mode and 3.2% ± 2.2% for contin-
single measurement was ± 1.83 m/min. The intraobserver uous wave mode (p = NS). The intraobserver variability in 
variability in reading Doppler recordings was 3.6% ± 2.7% measuring heart rate was 0.0026% ± 0.037%. 
Table 3. Doppler and Physiologic Data in the Seven Subjects for Each Day: Between-Subject Variability 
Day I Day 2 Day 3 Day 4 Day 5 Day 6 
Minute distance 
CW 15.95 ± 2.70 15.50 ± 2.34 16.14 ± 2.70 15.49 ± 1.93 15.90 ± 2.49 15.60 ± 3.19 
(16.9%) (16%) (16.7%) (12.4%) (15.7%) (20.5%) 
N = 7 N = 7 N = 7 N = 7 N = 7 N = 5 
PW 12.20 ± 1.79 11.65 ± 2.29 12.66 ± 2.72 11.21 ± 1.54 11.87 ± 1.30 11.51 ± 2.30 
(14.6%) (19.6%) (21.5%) (13.8%) (11%) (21%) 
N = 6 N = 5 N = 6 N = 7 N = 7 N = 4 
Weight (kg) 66.07 ± 17.05 66.1 ± 17.10 66.21 ± 17.2 66.31 ± 17.22 66.46 ± 17.37 72.9 ± 19.03 
(25.8%) (25.9%) (26%) (26%) (26.1%) (26.1%) 
N = 7 N = 7 N = 7 N = 7 N = 7 N = 5 
24 h urine vol (m!) 3.366 ± 1,458 3.552 ± 1.642 3.348 ± 1.370 3.390 ± 1.505 3,430 ± 1.309 3,783 ± 1,613 
(43.3%) (46.2%) (41%) (44.4%) (38.2%) (42.7%) 
N = 7 N = 7 N = 7 N = 7 N = 7 N = 5 
24 h urinary Na excretion (mEq) 147.8 ± 62.9 153.8 ± 64.3 149.1 ± 50.1 159.2 ± 72.2 157.3 ± 59.5 129.3 ± 49.4 
(42.8%) (41.3%) (33.6%) (45.4%) (37.8%) (38.2%) 
N = 7 N = 7 N = 7 N = 7 N = 7 N = 5 
BP (mm Hg) 
Systolic 109.7 ± 9.8 lit ± 12.5 111.9 ± 10.7 111.3 ± 9.7 111.4 ± 11.2 109.8 ± 11.9 
(8.9%) (11.3%) (9.6%) (8.7%) (10%) (10.8%) 
N = 7 N = 7 N = 7 N = 7 N = 7 N = 5 
Diastolic 61.4 ± 6.2 61.6 ± 7.3 59.3 ± 8.2 64.3 ± 7.7 62.7 ± 6.9 61 ± 4.2 
(10.1%) (11.8%) (13.8%) (12%) (11%) (7%) 
N = 7 N = 7 N = 7 N = 7 N = 7 N = 5 
HR (beats/min) 62.3 ± 4.8 62.9 ± 4.0 64.3 ± 2.7 61.8 ± 3.7 63.3 ± 4.4 59.5 ± 5.1 
(7.7%) (6.4%) (4.3%) (6%) (7%) (8.5%) 
N = 7 N = 7 N = 7 N = 7 N = 7 N = 5 
The day number corresponds to the chronologic order in which subjects were studied: each variable is expressed as the mean of observations from all subjects 
for each day ± I SD; in parentheses. % coefficient of variation. Although dietary sodium and fluid intake remained constant within subjects, it differed among 
subjects. explaining the substantial interindividual variabilities. N = number of subjects per day: other abbreviations as in Table 2. 
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Discussion 
Reliability findings. This study assessed the reliability of 
Doppler ultrasonography for use in prospective studies to 
detect serial cardiac output changes induced by experimen-
tal interventions. The test subjects were tightly controlled 
with respect to diet, activity and environment. As we 
determined it, the reliability of the method is a reflection of 
day to day variability of the measurement. As indicated by 
the intraclass coefficient of correlation CR.), continuous wave 
and pulsed wave Doppler-derived minute distance of aortic 
flow were equally highly reproducible from day to day CR. = 
0.81 for continuous wave mode, R. = 0.80 for pulsed wave 
mode, both p < 0.00001), However, pulsed wave Doppler 
mode yielded fewer adequate recordings than did continuous 
wave Doppler mode. 
The standard error of the measurement (se) (Table 1) can 
be used to determine the magnitude of hemodynamic change 
that the Doppler method can detect in response to an 
experimental intervention. Two standard errors of measure-
ment define the limit of physiologic variation (95% confi-
dence interval) for the error-free value of a single Doppler 
measurement. Suppose that an individual's minute distance 
of aortic flow is measured by continuous wave Doppler 
mode before and after an experimental intervention. Assum-
ing a postintervention minute distance approximately 
equal to the mean value of our group of 40 observations 
(15.72 m/min) and given a value of 1.81 m/min for 2 se (Table 
1), one can consider a hemodynamic change significant if the 
pre- to postintervention difference exceeds 11 % (2se/mean = 
1.81115.72 = 0.11). 
Two useful observations emerge from a detailed review of 
the data (Tables 2 and 3). First, among normal subjects, 
aortic flow minute distance varies widely (for continuous 
wave mode, 12.68 ± 0.97 to 19.53 ± 0.65 m/min; for pulsed 
wave mode, 9.42 ± 0.46 to 14.79 ± 1.53 m/min). Second, 
within-subject variability (Table 2) is very low compared 
with between-subject variability (Table 3). That applies to 
both the Doppler and the other physiologic measurements on 
the subjects and is consistent with the high reliability of the 
Doppler and physiologic methods, as already indicated by 
the intraclass coefficients and the 95% confidence intervals 
for a single measurement. 
Continuous versus pulsed wave techniques. We find that 
minute distance of aortic flow measured with continuous 
wave Doppler mode is significantly greater than that mea-
sured with pulsed wave Doppler mode. That may be because 
continuous wave Doppler mode receives signals from any 
moving target in the entire length of the ultrasound beam, 
whereas pulsed wave Doppler mode allows localization of 
signals with respect to depth along the beam (11). With 
continuous wave mode, the ultrasound beam has to be 
adjusted in only two directions; with pulsed wave mode, a 
third dimension, depth, has to be considered and therefore 
introduces a potential source of discrepancy between the 
two Doppler methods (2). Furthermore, with continuous 
wave mode, both opening and closing valve artifacts were 
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considered as features of an adequate aortic flow Doppler 
signal, indicating that the ultrasound beam was positioned 
right through the valve and thus that the highest velocities (at 
the valve tips) were recorded. With pulsed wave mode, the 
valve opening artifact was excluded as we placed the sample 
volume just below the aortic valve and judged signals 
adequate when they coincided with aortic valve closure 
artifact. Our use of modal versus peak velocity segments of 
the velocity traces for pulsed wave versus continuous wave 
analysis may also have contributed to differences in the 
measurement. 
Both Doppler techniques provide excellent reliability in 
measuring minute distance of aortic flow, suggesting that 
either one can be used with similar confidence for detecting 
genuine hemodynamic changes in serial studies. However, 
more adequate signals were obtained with the continuous 
wave mode. A published study (12) of reliability in Doppler 
aortic flow reports difficulties similar to ours in recording 
adequate signals with the pulsed wave mode. 
Contribution of heart rate and velocity time integral vari-
abilities. The day to day variability in aortic flow minute-
distance reflects the variabilities of its separate components, 
the aortic flow velocity time integral and the heart rate. The 
intraclass coefficient of correlation for heart rate (R == 0.60, 
p < 0.00001) is low compared with that for aortic flow 
velocity time integral (R. = 0.92, p < 0.00001). For velocity 
time integral we computed that a 9% change was detectable, 
compared with 11% for aortic flow minute distance, given a 
mean value of 0.253 ± 0.023 m (95% confidence limit). The 
2% difference is almost entirely attributable to the day to day 
physiologic variability of heart rate because very little bias is 
introduced by the reading, as indicated by the trivial intraob-
server variability in measuring heart rate (0.0026% ± 
0.0037%). Because heart rate variability is a component of 
cardiac output variability, minute distance of aortic flow 
provides a more realistic estimate of cardiac output than 
does velocity time integral. 
Doppler-derived indexes of cardiac output. such as ve-
locity time integral and stroke volume (calculated as the 
product of aortic valve area and velocity time integral), are 
declared valid for detecting serial hemodynamic changes by 
other investigators (11,13,14). However, those investigators 
do not consider the variability of heart rate and therefore 
cannot be expected to detect cardiac output changes, but 
only variations in left ventricular volume. The considerable 
physiologic day to day variability of heart rate suggests that 
it should not be neglected. 
Previously reported reliability studies. Two published 
studies (5,13) report the temporal variability in Doppler-
derived measures of cardiac output that include heart rate in 
their calculation. Their common goal was to determine the 
magnitude of change in a Doppler variable that is likely to 
represent a true alteration in cardiac output for an individual. 
Table 4 displays the results of those studies (5,13), as 
compared with ours, expressed as the 95% confidence 
interval for the error-free value of a Doppler variable 
measured once, before and after an intervention in a 
1332 MOULINIER ET AL. 
RELIABILITY OF DOPPLER-ESTIMATED AORTIC FLOW 
JACC Vol. 17, No.6 
May 1991:1326-33 
Table 4. Comparison of Two Published Reliability Studies and the Present Study 
Technique, Acoustic 
Authors Variable Window Mean ± 2Se 2se/Mean 
McLennan et al. (5) Minute distance CW, SSN (N = 284) Not provided 15% 
Robson et al. (12) CO CW, SSN (N = 42) 5.03 liters/min ± 0.56 liters/min 11% 
Present study Minute distance CW, apex (N = 40) 15.72 m ± 1.81 m JI% 
co = cardiac output; CW = continuous wave mode; N = total number of observations; Se = standard error of measurement; SSN = suprasternal notch. 
single subject. In the last column (2se/mean) the quantities 
represent percent change in a Doppler variable greater 
than which an observed change in cardiac output is 
considered significant (p < 0.05). It applies when the 
Doppler measurements are perrormed on two different oc-
casions by the same technician and analyzed by the same 
observer for a subject similar to those included in the 
reliability study. 
McLennan et al. (5) calculated a 95% confidence interval 
for the error-free value of a single measurement as equal to 
± 15%. Those workers studied the variability of minute 
distance in 142 paired measurements perrormed a few min-
utes apart. The characteristics of the study with regard to the 
composition of the group investigated or conditions sur-
rounding Doppler recordings are not provided. Robson et al. 
(12) reported results similar to ours: a change > 11 % in 
cardiac output at rest measured on two different occasions in 
an individual is likely to be a genuine change. Those workers 
investigated the temporal variability of combined cross-
sectional and continuous wave Doppler echocardiographic 
estimates of cardiac output in 14 healthy young women. 
They repeated the measurements of cardiac output after 30 
to 60 min and after 1 to 3 months, always between days 21 
and 24 of the menstrual cycle. This was the only standard-
ized condition that was reported. They found no statistically 
significant difference between the short-term and long-term 
variabilities. 
The reported data do not allow us to calculate the 
intraclass coefficients of correlation (R value) of the two 
published studies (5,12). The R value is essential for com-
puting the sample size required to demonstrate a specified 
magnitude of authentic change in cardiac output produced 
by an experimental intervention in a prospective clinical 
trial. 
Application of reliability data to design of prospective 
studies. The statistical analysis we used generates two var-
iables that can be used to interpret serial hemodynamic 
measurements in a prospective clinical trial: the standard 
error of measurement (se) and the estimator of the overall 
variance (ST2 + s/). The standard error of measurement 
allows us to define the limits of the 95% confidence interval 
for the error-free value of a single measurement in an 
individual (9). For example, the Se for continuous wave 
Doppler minute distance is ± 1.81 m/min, which is 11% of 
the mean value. That is, the method can be used in an 
individual to detect a > 11 % change in minute distance 
measured once. With replicate measurements, a greater 
detectability of significant change in an individual could be 
achieved because the 95% confidence interval is then nar-
rowed to new limits, ± 2s/Vn, where n is the number of 
replicates. For example, with six replicates, the 95% confi-
dence interval becomes ± 1.811Y6 or 0.74 mlmin. Thus, in 
an individual. Doppler ultrasound can be used to detect 
error-free changes in minute distance as small as 1.81 m/min 
divided by the square root of the number of repeated 
measurements. For an aortic valve area in the range of 
normal values in adults (3.14 cm2) (15), we could interpret a 
change in cardiac output as being significant when the 
change is >0.5 liters/min divided by the square root of the 
number of replicated measurements (p < 0.05). 
Replicate measurements do not need to be performed on 
consecutive days. When the day to day variability among 
mean values for all subjects (Table 3) is examined, no 
significant differences are demonstrated between variabili-
ties from day 1 or day 2 to day 3, 4, 5 or 6. This finding allows 
more flexibility for designing a clinical trial. 
What is even more interesting, if the subjects prospec-
tively studied are like those included in our reliability study 
and our protocol is followed, Doppler ultrasound can be 
used to detect group changes in response to an intervention. 
The estimator of the overall variance, ST 2 + Se 2, allows one 
to determine the sample size required to demonstrate a 
specified magnitude of change in cardiac output measured on 
two different occasions, before and after hemodynamic 
intervention, in a group of normal subjects (9). For example, 
in the case of a two-period crossover study design, 22 
subjects are required to detect a change of 0.80 mlmin in 
minute distance with continuous wave Doppler mode (equiv-
alent to a change of 5% in minute distance or 0.25 liters/min 
in cardiac output for an aortic valve area of 3.14 cm2). This 
estimation is obtained using a statistical test with power 0.80 
and significance of level 0.05. * 
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